We have studied the HA1 domain of 254 human inf luenza A(H3N2) virus genes for clues that might help identify characteristics of hemagglutinins (HAs) of circulating strains that are predictive of that strain's epidemic potential. Our preliminary findings include the following. 
Human influenza is an annual cause of morbidity and mortality world-wide which has a cumulative impact that is greater than the effects of the pandemics that occur every 20-30 years (1) . The principle way to reduce this health problem is by vaccination. However, human influenza genes rapidly incorporate new mutations, mutations that cause changes in the hemagglutinin (HA) molecule, the major molecule to which the immune system makes its humoral response. The effect of these mutations is to change the HA molecule so that, at least temporarily, it is no longer recognized by these antibodies, thereby permitting the virus to multiply. For this reason, old vaccines lose their efficacy and new ones must be made with viruses having the altered HAs. That in turn raises the question of which of today's strains should be used to make that vaccine; that is, which of today's strains is most likely to be the progenitor of the of next year's epidemic strains. Vaccines are now selected on the basis of knowing which of the current strains are least reactive to current antibodies (on the assumption that these strains have the best opportunity to spread) and which strains seem currently to be spreading the most effectively. Nevertheless, it would be useful to develop better predictive methods of deciding that question. It is the purpose of this paper to begin exploring how a knowledge of the evolutionary history of the HA gene might contribute to improved prediction of epidemic strains and of the strain of choice for the next vaccine. We shall explore the issues of (i) the rate of evolution, (ii) mutations occurring during virus propagation in the laboratory, (iii) the intercontinental spread of the influenza virus, (iv) the mutabilities of the different coding sites along the gene, and (v) sites subjected to strong selection.
DATA, DEFINITIONS AND METHODS
Data. This study utilizes 254 nucleotide sequences for the HA1 gene of HA obtained from human influenza A(H3N2) viruses isolated from 1984 to 1996. This time period was chosen because the previous period from 1968 to 1983 was sparsely sampled. Isolates A͞Oita͞83 and A͞Caen1͞84 were chosen to root the tree. Isolates A͞Texas͞12835͞83 and A͞Texas͞12764͞83 were included because their HAs were located on the tree among the 1984 and later isolates and it was felt that one should use as dense a tree as possible. We know the geographical location from which all the viruses were obtained and the month of isolation of 206 of these isolates. Of the 254 isolates, 160 were from the four years, 1993-1996, the other 94 were from the preceding 9 years. These sequences were all 329 codons (987 nucleotides) long with no gaps required for homologous alignment.
Viruses were isolated from the original clinical sample either in embryonated hens' eggs or in Madin-Darby canine kidney, Spafas, chicken kidney, or monkey kidney cell culture. The substrate for virus propagation was eggs for 126 strains, kidney cells for 95 strains, and, at least partly, unknown for 30 strains.
For three clincal isolates, the sequence was obtained directly without isolation in eggs or cell culture. Viruses with passages in both hens' eggs and kidney cells were assigned to the egg category.
Definitions. There are various ways of using sequences for making trees and it will be necessary to keep in mind the alternatives. Where we use the unambiguous nucleotide sequences, we shall call the inferred changes (nucleotide) substitutions. Where we use the amino acids, we shall call the inferred changes (amino acid) replacements. If we back translate the amino acid sequences into ambiguous codons, we get substitutions, but only those required to change the amino acid. These changes are called replacement substitutions-i.e., those nucleotide substitutions that cause amino acid replacements. The difference between the substitution set and replacement-substitution set is the set of silent (or synonymous) substitutions. We will distinguish substitutions, replacements, replacement substitutions, and silent substitutions as defined here. Where more than one category might be relevant to the statement or the meaning is clear, changes or mutations may be used.
The computer program numbers all the nodes of the tree, the first 254 numbers being given to the tip nodes that represent the original sequences and the next 252 numbers going to interior nodes of degree 3, nodes with three branches attached. Every branch is also labeled, and that label is the same as the label on the node to which it descends. Thus we can unambiguously speak of tip branches as well as tip nodes using the same number. We define sister nodes restrictively to be those pairs of tip sequences that, topologically, are each other's most closely related sequence.
The trunk of the tree is defined as the set of interior nodes leading from the root down to that tip that is farthest removed from the root. In the present case, that tip is A͞Wuzhou͞1͞96. The trunk tip is treated as a tip rather than as a trunk branch. All other branches between the trunk and tip branches are called twigs.
The mutations are assigned not only to the branches, but to the positions of the sequence as well. This enables one to count the number of codons that have changed zero, one, two, . . . . times. These numbers can be used to determine if the mutations are being distributed randomly among the positions of the sequence. This implies a (or perhaps more than one) Poisson distribution. It is often found (and it is here) that there are a minimum of three categories of variability. One may observe a set of unvaried positions that in fact turns out to be the sum of two types of positions. The first type is the set of invariable positions, those positions that are so vital to the necessary functioning of a protein that any change in that position causes the organism (virus) to die out. The other type is the group of positions that are variable but (by chance) unvaried nevertheless. Thus the unvaried are the invariable plus the unvaried-variable. The second category are the variable positions, positions that might but need not have varied in the sample. The third category are the hypervariable positions, positions that are changing significantly faster than the variable positions. There are other ways of fitting variability to the observations, such as the ␥ distribution, but these three categories will serve our purposes here.
Methods. HA sequences used in this analysis were generated at the Centers for Disease Control and Prevention over a 10-year period as part of ongoing routine genetic analyses of HA genes of variant and typical influenza field strains. Influenza A(H3N2) viruses chosen for this analysis were from the collection of the Centers for Disease Control and Prevention. The abbreviation, country of origin, date of collection, and passage history of these viruses are available from the authors. Viruses were propagated at a low multiplicity of infection in embryonated eggs or kidney tissue culture. Sequence analysis for three viruses was obtained directly from the original clinical isolate by PCR. Viruses sequenced before 1993 were purified by centrifugation on a discontinuous sucrose gradient or pelleted by centrifugation for 1 hr at 35,000 rpm in a SW 50.1 rotor (Beckman Instruments) at 4°C. The methods for virus purification and subsequent isolation of RNA have been described (2) . Virus, isolated or obtained after 1993, required no purification before isolation of RNA for sequence analysis.
Genomic RNA was extracted by phenol͞chloroform from purified or pelleted virus (3) or from 100 l of allantoic fluid or tissue culture media with the Qiagen RNAeasy Total RNA Purification Kit (Qiagen, Chatsworth, CA). A number of the isolates were sequenced directly from the RNA as described (4) . Four internal primers complementary to the viral mRNA sense strand were used to sequence the HA1 domain of the HA genes. Primer sequences are as follows: R1073 (5Ј d-CCTGCGATTGCGCCGATT), R792 (5Ј D-CAGTATGTCT-CCCGGTTT), R570 (5ЈD-TGGCATAGTCACGTTCAG) and R362 (5Ј d-TAAGGGTAACAGTTGCTG). The majority of the isolates were sequenced from reverse transcription-PCR amplified single-stranded or double-stranded DNA (5, 6) . Complementary DNA synthesis and PCR amplification of the HA1 domain of the HA genes were carried out using forward primer 7 (5Ј-CTATCATTGCTTTGAGC-3Ј) and reverse primer 1184 (5Ј-ATGGCTGCTTGAGTGCTT-3Ј). The PCRderived single-stranded DNA was used as a template for the Sequenase (United States Biochemical) sequencing kit and the double-stranded DNA by dye terminator cycle sequencing chemistry using a model 373A DNA Sequencing System (Perkin-Elmer). Primers used for the latter two sequencing methods are the same as described for direct RNA sequencing. Sequences have been deposited in GenBank under the accession numbers AF008656 to AF008909.
Most parsimonious trees were obtained from the 254 nucleotide sequences using test version 4.0d52 of the program PAUP provided by D. L. Swofford (7) using the tree bisectionreconnection option while holding 200 trees. Where there was more than one way of assigning substitutions to the branches, we used the ACCTRAN option which accepts changes as soon as possible. When amino acid sequences were used, we assumed that the nucleotide tree was the correct topology. When we wished to determine replacement substitutions, we backtranslated the amino acids into ambiguous codons using the ANCESTOR program (8) . Poisson fits to the substitution frequencies were by the method of Fitch and Markowitz (9) .
RESULTS
The Tree. The most parsimonious tree found, 1,260 substitutions in length, is shown in Fig. 1 . Of the 1,260 substitutions, 548 were replacement substitutions while 712 were silent substitutions. There are 116 branches with no substitutions on them. In Fig. 1 , all the branches that were of zero length in all examined most-parsimonious trees have been collapsed to produce ancestral nodes that give rise, not to 2 immediate descendants, but 3-10 immediate descendants. If one were to resolve these nodes to produce all possible, strictly bifurcating, most parsimonious trees, there would be in excess of 10 50 different trees. The tree presented, through its multichotomous nodes, is an accurate rendering of that information common to all of those many trees. The root is the lower leftmost node of the tree while the trunk tip is the upper rightmost tip of the tree. The trunk comprises the upper, thick branches of the tree. Thirty sequences are ancestral to other sequences.
To the right of the tree are vertical bars that indicate the range of the isolates by year. A peculiarity of those ranges is that there is essentially no overlap between isolates of 1988 and 1989, as if the 1989 form was so fit that all of the 1988 lineages were eliminated. By contrast, 1990 off-trunk strains were surviving to give rise to descendants isolated in every year from 1990 through 1994.
Rate of Evolution. The distance of the tips from the root may be plotted against the month of their isolation where known, at June otherwise, and the result is shown in Fig. 2 . The slope is 5.67 substitutions͞year or 5.7 ϫ 10 Ϫ3 substitutions͞ nucleotide per year. This is consistent with previous estimates FIG. 2 . Rate of evolution of human influenza HA1. The y axis shows the number of replacement substitutions between the root and a tip sequence. The x axis shows the time of isolation of the virus to the month where known (206 sequences), or to the month of June if the month was not known (48 sequences). Each of the 254 sequences is represented in the graph but, if there were more than one isolate for the same month and year, their distances were averaged. A least squares fit to the data gives a slope of 3.20 replacement substitutions͞year. The two tubes show an apparent increase in the rate of replacement substitutions about 1992. However, we cannot rule out the possibility that this is a consequence of a more intensive sampling of the population in the last four years. The table shows the number of replacement substitutions in each codon position and the number expected if distributed randomly over the gene, assuming the distribution of codons found in these data and that all substitutions have equal probability. The probability of a worse fit occurring by chance is Ϸ0.6; df ϭ 2. Thus we cannot reject the assumptions as untrue. The table shows the number of trunk, twig, and tip branches in the second column and, in the third column, the number of changes observed on them. The fourth column shows the number expected if the 547 replacement substitutions were distributed randomly among the branches. The 2 is for the difference between expected and observed. The probability of a worse fit occurring by chance is Ͻ10 Ϫ17 ; df ϭ 2. The last column (r͞b) shows replacement substitutions͞branch. of 5.7 ϫ 10 Ϫ3 (10) and 6.7 ϫ 10 Ϫ3 (11). The overall rate for replacement substitutions is 9.7 ϫ 10 Ϫ3 codons͞year. But if the faster rate in the recent time period reflects discovering more of the substitutions that occur, then a better estimate of the rate of HA1 evolution is 16 ϫ 10 Ϫ3 replacement substitutions͞ codon per year.
By estimating the average age of the tip isolates measured from the time when they branched off the trunk, we can get an estimate of how long the losers survive. The average number of substitutions from trunk to tip is only 8.07. Given the rate of evolution as 5.67 substitutions͞year, the average age of the tips is only 1.42 years. The longest lived branch is 4.8 years old.
Replacement Substitutions by Codon Position. Table 1 shows the distribution of replacement substitutions by codon position. The number of each of the 61 nonterminating codons for all 254 sequences was determined. Because we know how many ways each codon can change in the first, second, and third positions so as to change the encoded amino acids, we can immediately estimate the expected number of times a replacement substitution would occur in each of the three codon positions if the 548 replacement substitutions were distributed randomly over the codons (12) . One can readily see that they are distributed randomly. While one expects more changes in the second position than in the first position, as we get here, the more common result with other genes is that more replacement substitutions occur in the first than in the second position. This is usually attributed to substitutions being more conservative if they occur in the first position. Thus more radical changes may be permitted in HA.
Replacement Substitutions by Branch Type. The number of replacement substitutions for each of the three types of branches, trunk, twig, and tip, are shown in Table 2 . Also shown are the expected values if the 547 changes were distributed randomly over the branches. The table shows that the distribution is radically different from that expected for a random distribution. The tips have a greater than expected number of replacement substitutions, while the trunk and twigs have too few. Indeed the tips have more than 2.2 times as many changes per branch as do the other branches. This amounts to about 0.8 extra changes on each tip.
We asked whether these additional changes are specific to the host substrate used for culture. Accordingly, Table 3 shows the distribution of those changes according to the host in which the virus was propagated and the expected distribution if there were no differences among the amplification methods with respect to their adding extra changes into the tip branches. It can be seen that there is no difference in the number of changes among the tip branches as a function of the host.
Replacement Substitutions by Codon. One may ask whether the replacement substitutions have a random (Poisson) distribution over the codons of the HA gene. Table 4 shows how the changes are actually distributed. The first row shows the number of changes per codon. Values below show the number of codons in which that many changes occurred.
There are six hypervariable codons (138, 145, 156, 186, 193, and 226), all of which have been observed to have changed during growth in eggs (5, (13) (14) (15) , and which have evolved more than seven times faster than the other varied codons. Their removal does not allow one to get a good fit to the remaining data, even if we introduce an invariable class. We therefore divided the changes according to whether they occurred on the trunk, twig, or tip branches. Table 5 shows the fit to the trunk data. It is a good fit and implies that there are only 46.7 Ϯ 5.4 variable codons. This is a very small number given that there are 329 codons altogether.
A fit to the twig data is even better but only if the hypervariable positions are removed from the data. The result is that, for the twigs, there are 90.0 Ϯ 7.2 variable codons. A similar calculation for the tip branches does not produce a good fit although with pooling of categories one can get the fit increased to 0.05 probability. Nevertheless, since the difficulty of fitting is in the right end of the distribution, the estimate of the number of invariable positions is not greatly affected. The result is that we estimate that the tip branches have 175.6 Ϯ 8.4 variable positions. The overall result is that the number of variable positions in the three classes of branches are all significantly different from each other.
One can also estimate the number of positions that are variable in the tip branches by noting that 87 positions have changed on them for strains grown in eggs and 96 for strains grown in kidney cells. Of these positions, 51 have changed in both egg-and cell-grown strains. If we assume that both growth conditions have the same variable set of codons and every The second column shows how the 254 isolates were propagated. The category embyonated eggs includes all isolates that had all or part of their passage history in eggs. Cell culture includes only those isolates that were known to have been passaged only in cells. PCR indicates those isolates sequenced directly from the original clinical isolate. Other includes those isolates that did not fit the above three categories. The third column shows how many tip replacement substitutions occurred in each kind of tip, while the fourth column shows what would be expected if no method peculiarly increased the number of changes observed. The probability of a worse fit occurring by chance is 0.65; df ϭ 3. The bottom row shows the number of codons that have changed as many times as the number above it. The top row shows the number of changes per codon. The second row shows the number of codons with that number of changes. The third row shows the number of changes expected in a best fit to the model. The model asserts that all the variable codons are equally variable but that there is also a class of invariable codons. Because of the invariables, the fit is to those codons that have changes in them. That fit induces an expected number of variable but unvaried codons (16.7 Intercontinental Spread. By analyzing a sequence of a single letter for each isolate, where that letter represents the continent from which the isolate was obtained, and running PAUP on it, we can obtain the fewest possible intercontinental movements. That number, 41.5 changes of continent, implies that 1 of every 12 branches connects strains on two different continents. To obtain the expected number of changes, we scrambled the letters with respect to their assignment to the tips of the tree 1,000 times and found the average change for intercontinental movement given this particular tree and this particular number of representatives from each continent. The result (Table 6 ) was that there was no difference from random.
We also tried a weight matrix for the intercontinental changes, such that the weight from Asia was 0.999 while that to Asia was 1.001, which biases the result toward movement from Asia. The reverse weighting biases the result toward Asia. The results, also given in Table 6 , show that, regardless of the weighting scheme, the intercontinental spread of human influenza is what would be expected by random movements. It also shows that the possible range of equally parsimonious movements out of Asia could range from 26 to 60. That there should be so many alternative ways of assigning change is a result of the failure of the maximum parsimony assumption that change should be rare. These results do not contradict the prevailing view that novel pandemic and epidemic strains often emerge in Asia (see Discussion).
Positive Selection. In examining the nature of the changes in the six hypervariable positions, we were struck by a preponderance of replacement substitutions over silent changes and decided to look for all cases where there was more than might be expected. Table 7 presents a list of the 31 positions that had probabilities for their distribution of non-silent͞silent changes of less than 0.05. Note that the probability that a change is non-silent is p ϭ 548͞1260 ϭ 0.435 and that it is silent is q ϭ 712͞1260 ϭ 0.565. Thus the probability of seeing codon 226 with 22 non-silent changes and 3 silent changes is 25!p 22 q 3 ͞ 22!3! ϭ 5 ϫ 10 Ϫ6 . Because one cannot get a probability of less than 0.05 with a sample size of three changes, we examined only codons with at least four changes, of which there were 99. Thus 31 occurrences with a probability of less than 0.05 in a sample of only 99 is greatly unexpected (P Ͻ 10 Ϫ33 ). Moreover, the probability that the 31 changes are divided 25 and 6 into the two halves of the distribution is only 7 ϫ 10 Ϫ4 . Thus there is a preponderance of the excess number of improbable changes in the category of more non-silent than silent changes. This significant excess of non-silent changes means that there is positive Darwinian evolution occurring and probably at the positions listed in Table 7 . The six codons with the most significant excess are the six hypervariable positions.
DISCUSSION
Rate of Evolution. The data in the plot in Fig. 2 show a clear break at 1992 with a rate of evolution that is 2.3 times greater after 1992 than it was before. We think this is statistically significant but probably largely artifactual. It has been known for some time that there is a bias in parsimony reconstructions that arises from the fact that any given nucleotide position can be observed to change at most once along any given branch (16) . The result is that the more densely the branches of a tree are sampled, the more of these hidden changes that are uncovered. The break in the curve occurs at 1992, precisely the year that separates the region of the tree where less than 10 isolates per year were sampled from the time where 40 isolates per year were sampled. To see if this sampling could be the reason for this apparent increase in rate, we repeated the tree several times using only 11 randomly selected isolates from each of the years 1993-1996. The result was that the break largely disappeared although the appearance of an increase was attenuated more or less according to the number of isolates sampled from the group on the far upper right of Fig.  1 . We conclude that there is little evidence to support an increase in the rate of HA evolution after 1992. But if the intensity of sampling accounts for the apparent change in rate, then the rate in that portion of the tree, 16 ϫ 10 Ϫ3 replacement substitutions͞codon per year, is the better estimate of the real rate.
Extra Replacement Substitutions on the Tip Branches. There are several possible explanations for their being extra replacement substitutions on the tips. The first explanation is as an artifact of the parsimony procedure. It may be, for a given tree, that there is more than one equally parsimonious way of placing the mutations upon the tree and these alternatives may cause more or less of the changes to occur on the tips. PAUP has a choice of two procedures, ACCTRAN and DELTRAN that bias the placement away from or toward the tips, respectively. We used only the ACCTRAN procedure, so that the bias is against 
The Dist. column lists the distribution (non-silent͞silent) of the changes at any position for which the probability of that distribution, or an even less probable distribution, is Ͻ0.05. There are 31 of them in a total sample of 99 positions examined. Those positions were all that had at least four changes because it takes at least four changes to have a probability of Ͻ0.05. The Prob. column shows the probability of the distribution on the left. The Pos'n column shows which codon(s) has (have) the distribution shown on the left if that probability is less than 0.005, otherwise the number of such codons is shown in parentheses. Note that for six changes, the distribution 5͞1 (probability ϭ 0.044) is omitted from the table because the less probable 6͞0 distribution (probability ϭ 0.007), added to it, would give a total probability of 5͞1 or better ϭ 0.051, a value above the cutoff.
the accumulation in tips. Thus the parsimony procedure cannot be the source of extra changes. The bias is not large because using DELTRAN produced only 10 more mutations in the tips.
The second explanation arises from the observation that mutations appear to arise during passage of the virus in embryonated eggs as seen by changes in egg-grown sequences not seen in cell grown sequences (5, (13) (14) (15) . There are two different mechanisms that would account for this based upon the plausible assumption that there are some changes that are selected for by growth in eggs.
One mechanism is that mutations occur in the RNA in the embryonated egg that the egg then selects. The other mechanism is that the egg selects pre-existing variants that were there in the patient but in too small amounts to be detected in the absence of the selective ability of the egg. We have no direct test that would distinguish between these two mechanisms. We can, however, ask if we see more replacement substitutions in the egg-grown isolates than in those from other methods of amplification. For the null hypothesis we use the expectation that there is no difference among the amplification methods and we get the result in Table 3 . There is no significant difference among the methods of amplification. Although none of these groups are significantly different from expectation, the egg-grown isolates are the only group that has fewer than the expected numbers of changes on them, and the group with the greatest proportional excess is, of all groups, the PCR-amplified isolates. If, as has been suggested, the egggrown sequences should have an extra change by reason of growth in eggs, we should surely have seen it. The tips are getting 0.8 extra mutations above the baseline of only 0.66 changes͞non-tip branch. Thus the 212 excess mutations, if largely from the 126 egg-grown isolates, would have shown up readily. It cannot be that some special process in egg growth is responsible for the extra changes in the tip branches. In the one case where there are two sequences from the same isolate, the sequence grown in cells has two changes, the sequence grown in eggs has only one relative to their common ancestral sequence. In any event, no explanation that requires one to distinguish among the methods of growth will account for the tip excess.
We are aware that these results apparently contradict considerable evidence demonstrating that when specimens from the same patient are grown both in eggs and in cells, the HA genes of egg-grown isolates commonly have additional changes when compared with the HA genes of the corresponding cell-grown isolates (5, (13) (14) (15) . Those data show an approximate average of one replacement in the egg-grown material that is not present in the cell-grown material, suggesting that tip branches to egg-grown isolates should, on average, be farther removed from their closest ancestor than are cellgrown isolates. Our isolates are, on average, 1.5 replacement substitutions different from their closest ancestor. This value does not differ between egg-grown isolates and cell-grown isolates. Perhaps there are experimental conditions that differ between these two sets of data. We do not know the source of these differences but the question appears important enough to warrant further study to resolve this conflict.
A third explanation is bias in the choice of strains to sequence. All viruses that appear to be new variants as determined by the standard serological analyses performed at Centers for Disease Control and Prevention are chosen for HA sequence analysis. A few representative strains are also chosen, but the emphasis is on sequencing variants. This should make these sequences, on average, have a greater number of differences than sequences chosen at random. This bias should apply specifically to the tip branches and hence differentiate them alone. We do not know the extent to which this bias accounts for the observation but we know of no reason why it could not be the complete reason.
A fourth explanation is the presence of deleterious mutations in the population. If most changes are deleterious, most changes will eventually be removed by selection but they may well be present in our samples. They, like those that might occur during egg passage, will not end up in the trunks and twigs determined years later (17) . The result of that process would be longer tips. Like the third explanation, we do not know how much of the effect seen is due to this mechanism, but it too might account for the whole effect. Nor can we partition the excess between the two explanations.
Replacement Substitutions by Codon. The analysis showed that the trunk has only a small number of variable codons (47, of which 17 have not changed). This is only 18% of the codons available. If the trunk represents the victorious lineage in the race to outrun the immune system, then one area in which to focus future study would be the 30 sites that have changed in the trunk, for it is among these that successful changes in HA must have occurred. The tip branches have 175 variable codons. Variable codons, for data from widely divergent species, mean sites that have successfully replaced amino acids since some common ancestor. These sites would only rarely have unselected deleterious changes among their differences. But at the population level, that is not true. The tip branches do have extra mutations on them and, whether they were induced by growth in eggs or kidney cells, or chosen by the investigators, or are simply the sampling of population variants, those extra mutations may all be deleterious. While one normally thinks of variable codons being those that have at least one alternative amino acid that is not deleterious, in this case that is not necessarily so because we could be seeing alternatives before selection has filtered them out. Thus there is nothing wrong with there being extra changes on the tip branches nor that there are many more variable codons for them. It is reasonable to expect more variable codons if we can include deleterious mutations that selection will remove.
Intercontinental Spread. It has been shown that the viruses causing pandemics, and even the year-to-year epidemics, emerge from Asia (18, 19) . The fact that we observed that the intercontinental spread is random should not be thought of as arguing against that belief. There is no necessity that the relatively rare new successful variants come from a source that sends out an abnormally fewer or greater number of strains than a chance distribution would predict.
Positive Selection. We have observed 25 codons that have significantly more non-silent changes than silent changes. Because silent changes might be expected to reflect the neutral rate of evolution, an excess can be construed as indicating positive Darwinian evolution. This is usually done by counting a pool of codons to get a statistically large enough sample to get significance. In this case were are looking at single codons but getting the large enough sample size by using those codons with at least four changes. By focusing on those codons one at a time, we are thus able to define individual positions as each having positive selection occurring in them. In this case, 14 positions have less than 0.005 probability of having the excess of non-silent changes as shown in Table 7 . These 14 positions have accumulated 194 mutations or 35.4% of all the replacement substitutions observed, suggesting that positive Darwinian selection accounts for a large portion of all the changes observed. In addition, the rate of change is 10% faster on the trunk than on the twigs (see Table 2 ). All but three of these positions (137, 138, and 196) have changed along the trunk and thus we have another reason to regard these positions as important in the changes made by the virus to evade the immune system. Position 138 is interesting because it has had 22 non-silent changes, none of which occurred on the trunk. This is perhaps because favorable mutations may still be selected for in any lineage that has not yet died out. Future Studies. It is possible, with the identification of only a few positions that have changed on the trunk, and with the identification of positions that are under positive Darwinian selection, that we now have most of the residues on which the virus depends for immune avoidance. The next step might be to see which of these position changes cause differences in the HA inhibition assays and to quantify them. This might then lead to knowing, simply from sequence changes, which isolates are most likely to cause future epidemics.
